Abstract-In the context of power loads a wind turbine based on a BLDC motor will be programmed and simulated in PSIM, as well as Power designs and control strategies. A three-phase power inverter for trapezoidal control of a BLDC motor will be developed. Electronic control of the motor is implemented in a MCU and this will simulate the behaviour of a wind turbine using the given input data. The Inverter will protect the motor against an overcurrent. Inverter will be powered by the 48 V DC bus.
I. INTRODUCTION
Economic constraints and new legislated standards place increasingly stringent requirements on electrical systems. Higher performance parameters such as better efficiency or reduced electromagnetic interference must be achieved by new generations of equipment while decreasing system cost.
On the one hand brushless motor technology combines high reliability with high efficiency, keeping lower costs in comparison with brush motors. This brushless characteristic can be applied to several kind of motors, however the BLDC motor is conventionally defined as a permanent magnet synchronous motor with a trapezoidal back EMF waveform shape. They offer many advantages like ideally constant developed torque (toque ripple will be described later) or high mechanical power density.
On the other hand three-bladed wind turbines had been used for a long time for renewable electricity production.
Nowadays wind turbines have variable pitch for high-power applications, while fixed pitch wind turbines are still used for low-and middle-power applications. The mechanical power curve of a fixed pitch wind turbine depends on the wind speed as shown in Fig. 1 . For each wind speed value, the mechanical power curve presents a different maximum value at a different rotation speed. For this reason a wind turbine emulator must be able of reproducing this curve.
Fig. 2 -Mechanical power curves for a wind turbine at different wind speed
The rotation speed of the turbine can be controlled through an electronic power converter. Nevertheless a recently designed electronic converter must be tested in the laboratory, an important step between computer simulations and field testing. In conclusion a system which emulates the behaviour of a wind turbine is required.
The designers of electric drives for wind power applications normally use DC or PMSM motors, controlled in order to reproduce power curves similar to those of a wind turbine. In this article the simulation of a wind WORKROOMS Journal Nº4 -July 2016 WR-2016-05-pag. 3 turbine based on a BLDC motor will be studied and several control strategies discussed. 
II. BLDC MOTORS FUNDAMENTALS
The BLDC motor is an AC synchronous motor with permanent magnets on the rotor and windings on the stator.
Permanent magnets develop the rotor flux and the energized stator windings create electromagnet poles. As a consequence of this the rotor is attracted by the energized stator phase and, by using the appropriate sequence to supply the stator phases, a rotating field on the stator is created and maintained. The rotor chasing after the electromagnetic poles on the stator is the fundamental action used to control BLDC motors.
Fig. 4 -A three-phase BLDC motor with a one permanent magnet pair pole rotor
The lead between the rotor and the rotating field must be controlled to produce torque and this synchronization implies knowledge of the rotor position, in order to generate precise firing commands for the power converter.  Resolver consists of three extra-windings, one of them attached to the rotor and supplied with a sinusoidal wave and the other two orthogonally linked to the stator. As a consequence a back EMF is induced by the rotating coil in each of the two stator resolver windings. Calculating cos (q) and sin (q), where q is the rotor position, is then possible after decoding these two signals.
 The three Hall Effect sensors provide three overlapping signals giving a 60º wide position range. Speed information is also available after measuring the time interval between two input signals.
Fig. 5 -BLDC motor control using three Hall Effect sensors
In this case study the rotor position will be determined using the signals provided by the three Hall Effect sensors, mainly because the software used for the simulations, PSIM, provides a BLDC motor block which already integrates them.
III. MATHEMATICS OF THE BLDC MOTOR
A schematic diagram of a BLDC motor drive is shown in Fig. 6 . Equations are based on this system, but a few assumptions are made in order to reduce the complexity of the brushless DC motor drive: 
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Fig. 7 -Schematic of BLDC motor drive
The back EMF are displaced by 210 electrical degrees from one phase to another, and they can be expressed as Sparing the mathematical equations, the torque term can be expressed as:
where N is the number of winding turns per phase, l is the length of the rotor [m], r is the internal radius of the rotor [m], and B is the rotor magnet flux density [T].
The first two terms in the torque expression are parasitic reluctance torque components. The third term produces mutual torque, which is the torque production mechanism used in the case of BLDC motors.
To sum up, the back EMF is directly proportional to the motor speed and the torque production is almost directly proportional to the phase current. These factors lead to the motor control schemes proposed later.
IV. BLDC MOTOR OPERATION
The principle of the BLDC motor control is to energize the phase pair which can produce the highest torque. In order to optimize this effect the back EMF shape is trapezoidal, for the combination of a DC current with a WORKROOMS Journal Nº4 -July 2016
WR-2016-05-pag. 6 trapezoidal back EMF makes it theoretically possible to produce a constant torque. However torque ripple is present at each 60º commutation, because current cannot be established instantaneously in a motor phase.
Fig. 8 -Voltage and current waveforms of a BLDC motor simulated in PSIM
BLDC motors are characterized by a two phase 'on, operation to control the inverter, assuming that current flows in only two of the three phases at a time and that there is no torque production in the region of the back EMF zero crossings. 
V. BLDC MOTOR CHARACTERIZATION IN PSIM
The software used for the simulations, PSIM, offers two types of BLDC motor blocks. The first of them is plainly called Brushless DC Machine, a three phase BLDC motor with trapezoidal back EMF waveform.
Fig. 10 -Brushless DC Machine in PSIM
The second option is using the Brushless DC Machine (datasheet) block, which is better suited for including motor parameters extracted from a manufacturer datasheet. 
Fig. 12 -Faulhaber 4490 H 048 BS
At 22ºC and a nominal voltage of 48 V (so it doesn't exceed the bus voltage), its parameters would be introduced in PSIM as follows:
Fig. 13 -Characterization of a BLDC motor in PSIM
However this parameters should be tested in a simulation in order to determine if the model of the motor is really working as expected. For that reason it has been created a simple testing workbench using PSIM.
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Fig. 14 -Testing workbench for operating the BLDC as a generator
The motor will be operated as a generator at 1000 rpm and the voltage measured at the load in order to determine the Speed constant (V/rpm) of the motor. The result is represented in Fig. 14:
Fig. 15 -Calculating the Speed Constant kE
The result shows that the voltage measured at the load is the Back-EMF constant kE = 7.89 mV/rpm. Inverting it results in the Speed constant kN = 1/kE ≈ 126 rpm/V, exactly as in the datasheet.
Similar to the case before, the Torque constant (mNm/A) will be determined. Changing at the testing workbench 
Fig. 17 -Testing workbench for operating the BLDC as a motor
As the following simulations prove, the parameters of the motor are similar to those from the original datasheet.
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Fig. 18 -No Load Current of BLDC motor tested in PSIM
As can be seen in Fig. 19 the current of the motor when operated without load is I0 = 0.094 A. From Fig. 20 can be extracted that the motor speed without load is n0 = 6000 rpm, a bit lower than expected but meeting the theoretical value as well. 
VI. SYSTEM TOPOLOGY
As seen before, the BLDC motor control consists of feeding the motor phases with DC currents. For that reason it is called Brushless Direct Current motor, although it is actually an AC machine.
A three phase inverter is commonly used to drive the motor. In this case study two topologies have been studied.
Firstly a Buck-Boost converter has been placed between the 48V DC bus and the inverter, as shown in Fig. 22 .
In this case the power inverter is directly driven by the Hall Effect sensors signals while a PWM is used to fire the Buck-Boost transistor.
This topology is useful to test the motor in a wide range of conditions with a slightly smoother operation, since the motor drive sees a 'pure, DC waveform instead of a PWM commutating signal.
Fig. 23 -Topology using a Buck-Boost converter to drive the three phase inverter
Secondly the three phase inverter has been directly supplied by the 48V DC bus and driven using PWM signals.
This is the most common control strategy due to the fact that it is cost-effective and achieves a good performance. This topology will be used to implement the following control strategies.
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Fig. 24 -Topology with PWM

VII. POWER INVERTER AND MOTOR DRIVE
An IRF540 MOSFET [2] will be used for each of the three phase power inverter transistors. This device is suitable for voltages up to 100 V and currents up to 22 A, therefore it is ensured a good performance for this application.
Fig. 25 -a) dsPIC30F3010 b) MOSFET IRF 540 c) DC/DC regulator V7805W-500
Once the main components of the power inverter are chosen, it is time to decide how to control them. There exist many MOSFET drivers, between them it has been decided to use the IR2110 [3] high speed MOSFET driver together with a dsPIC30F3010
[4] microcontroller.
On the one hand the IR2110 is able to drive two independent high and low side referenced output channels,
WORKROOMS Journal Nº4 -July 2016
WR-2016-05-pag. 14 being fully operational up to a high side floating supply voltage of +500 V according to its datasheet.
On the other hand the dsPIC30F3010 is a high performance 16-bit digital signal controller featuring 6 PWM output channels with dead-time control among others.
A further consideration would be the voltage source used to supply the dsPIC, which operates in a range from 2.5 to 5.5 V. The non-isolated switching regulator V7805W-500 [5] is able to transform the 48 V from the DC bus in the 5 V that the microcontroller requires to operate.
Fig. 26 -Application circuit schematic
VIII. CONTROL STRATEGIES
Firstly an open-loop speed control will be developed and tested. Since the back EMF is directly proportional to the motor speed, it can be assumed: The implemented control scheme would be:
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Fig. 27 -Open-loop speed control scheme
Open-loop control offers a slow dynamic response and at low speeds it is not very accurate. However at middlehigh speeds the results are acceptable:
Fig. 28 -Open-loop speed control of BLDC motor in PSIM
Measuring with a speed sensor (e.g. an optical encoder) the mechanical speed at the shaft of the motor, the loop can be closed for a more accurate control. A proportional controller has been implemented as well by calculating the speed error and adding it to the control action. In conclusion a current control is required. A closed-loop current control will be developed, measuring the motor current at the bus (typically the current it is measured at one of the motor phases) and assuming that the torque at the shaft is given. A proportional controller will be added to the design by calculating the difference between the actual and the desired current at the bus in order to achieve the goal power at the shaft.
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Fig. 31 -Closed-loop current control scheme
The programmed start-up ramp provides a smooth start without current peaks which could harm the devices. In the figure below it can be seen how the motor pursues the 100 W reference and how it reacts to a -30 W step. 
IX. CONCLUSIONS
BLDC motors have become very popular over the last years and nowadays they can be found everywhere. High reliability and low maintenance explain this huge development, however electronically commutated motors (ECM) such as the BLDC require always a controller, which focus the attention on the electronics and the control algorithms.
Renewable energies are also been powered by many countries and corporations worldwide and high efficiency is becoming a main aspect for every design.
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A wind turbine emulator based on a BLDC motor meets all the above mentioned concepts and provides a cheap way of testing new systems while supporting the development of wind power plants.
In this article a short explanation on BLDC motor fundamentals and mathematics has been exposed as introduction. A BLDC motor has been simulated in PSIM using the parameters provided in the datasheet and this same parameters have been obtained, therefore it has been proved that the motor behaves as intended.
It has been focused on the motor driver configuration and the real devices which could be used, taking their electrical operation range into account. A schematic of the proposed driver configuration have been provided so the design could be easily implemented on a PCB. Alternative topologies have also been studied, including the possibility of adding a Buck-Boost converter to the design.
Finally the different control strategies for a BLDC motor have been discussed. Firstly an open-loop speed control was implemented by controlling the motor voltage, although the results were obviously better when a closed loop with a proportional controller was added. Secondly the current was controlled in order to stablish a power reference, since the aim of a wind turbine emulator is to reproduce a specific power curve.
Future work should be focused on improving the model and abstracting it. That means the emulator should work just with a given wind speed, turbine area and power coefficient inputs, and reproduce the respective power curve.
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